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Abstract. Soilborne pathogens can contribute to diversity maintenance in tree
communities through the Janzen-Connell effect, whereby the pathogenic reduction of
seedling performance attenuates with distance from conspeciﬁcs. By contrast, arbuscular
mycorrhizal fungi (AMF) have been reported to promote seedling performance; however,
it is unknown whether this is also distance dependent. Here, we investigate the distance
dependence of seedling performance in the presence of both pathogens and AMF. In a
subtropical forest in south China, we conducted a four-year ﬁeld census of four species
with relatively large phylogenetic distances and found no distance-dependent mortality for
newly germinated seedlings. By experimentally separating the effects of AMF and
pathogens on seedling performance of six subtropical tree species in a shade house, we
found that soil pathogens signiﬁcantly inhibited seedling survival and growth while AMF
largely promoted seedling growth, and these effects were host speciﬁc and declined with
increasing conspeciﬁc distance. Together, our ﬁeld and experimental results suggest that
AMF can neutralize the negative effect of pathogens and that the Janzen-Connell effect
may play a less prominent role in explaining diversity of nondominant tree species than
previously thought.
Key words: arbuscular mycorrhizal fungi; distance dependence; host speciﬁcity; pathogens; seedling
survival; subtropical forest.
INTRODUCTION
Understanding the extraordinarily high diversity in
the tropics and subtropics is one of the most
challenging questions for ecologists. There is accumu-
lating empirical evidence in plant community ecology
suggesting that plant–soil feedbacks are primary
determinants of plant species coexistence (reviewed by
Bever et al. 2012). Soil microbes have large impacts on
plant survival, population dynamics, and species
distributions (Klironomos 2002, Schnitzer et al.
2011). Some microbes have a negative inﬂuence on
plants, e.g., pathogens causing negative density- and/or
distance-dependent effects (e.g., Augspurger 1984,
Packer and Clay 2000, Bell et al. 2006, Bagchi et al.
2010, Liu et al. 2012). Others have a positive inﬂuence,
e.g., microbial mutualists that may assist in uptake of
soil nutrients or defense against herbivores (Read and
Perez-Moreno 2003, Gange et al. 2005, van der Heijden
et al. 2008). A complete understanding of the mainte-
nance of plant diversity and community structure
requires integrating microbial perspectives and ac-
counting for both positive and negative plant–soil
interactions.
Soilborne pathogens have been found to play a
dominant role in the Janzen-Connell effect (Augspur-
ger 1984, Packer and Clay 2000, Bell et al. 2006,
Mangan et al. 2010, Bagchi et al. 2014), which states
that host-speciﬁc pathogens present in the soil around
parent trees lead to higher disease-induced mortality
for conspeciﬁc offspring; the negative effect of soil
pathogens on seedling survival increases with increas-
ing density of conspeciﬁc adults and seedlings (density-
dependent effect) and decreases with increasing dis-
tance to conspeciﬁc adult trees (distance-dependent
effect).
While there is clear evidence for a pathogen-
mediated Janzen-Connell mechanism, most studies
have overlooked (Packer and Clay 2000, Bell et al.
2006, Bagchi et al. 2010, Liu et al. 2012) or excluded
(McCarthy-Neumann and Kobe 2008) the effects of
arbuscular mycorrhizal fungi (AMF). AMF (Glomer-
omycota) are symbionts that infect the roots of most
terrestrial plants and enhance host resource uptake in
exchange for photosynthate (Smith and Read 1997).
The principal role of AMF is thought to be in the
facilitation of phosphorus (P) uptake by plants,
especially in strongly P-limited soils as found, for
example, in the tropics (Howeler et al. 1982). There is
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ample evidence that AMF also have an important
inﬂuence on the plant–pathogen interaction and are
capable of reducing pathogenic infection (Smith 1988,
Newsham et al. 1995, Borowicz 2001, Klironomos
2002, Hood et al. 2004, Herre et al. 2007). Some
studies have found evidence for the host-speciﬁcity of
AMF (Eom et al. 2000, Bever 2002, Bidartondo et al.
2002), suggesting that the beneﬁcial effects of AMF
should also decline with distance from a parent tree.
However, almost all research on the effects of AMF
on plant–pathogen relations has been performed on
grass species (Newsham et al. 1995, Klironomos 2002,
Schnitzer et al. 2011), economically important agri-
culture species (e.g., Evans et al. 2003), or a single tree
species (Hood et al. 2004). Research on a broader
range of species and more complex ecosystems is
required (Hart et al. 2003), especially in tropical and
subtropical forests, as survey work suggests that AMF
community diversity is higher in these forests than in
temperate grasslands or woodlands (Herre et al.
2005).
Although the density-dependent prediction of the
Janzen-Connell hypothesis has been widely conﬁrmed
(e.g., Bell et al. 2006, Bagchi et al. 2010), multispecies
analyses on distance dependence have yielded mixed
evidence (e.g., Augspurger 1984, Condit et al. 1992,
Blundell and Peart 1998, Queenborough et al. 2007).
Indeed, a meta-analysis based on 75 unique species
from at least 35 plant families found no general support
for distance dependence (Hyatt et al. 2003), while a
recent meta-analysis of experimental studies found
signiﬁcant support for both density- and distance-
dependent effects (Comita et al. 2014). Because
distance dependence is theoretically reasonable and
has been detected by some other studies (e.g., Aug-
spurger 1983, Packer and Clay 2000), and the observed
spatial diversity pattern explained by the Janzen-
Connell effect can potentially result from distance
dependence but not from density dependence (Ter-
borgh 2012), it is necessary to investigate factors that
may obscure the distance dependence. In this study, we
investigated whether the ‘‘negative’’ distance depen-
dence driven by soil pathogens commonly exists in the
wild, but might sometimes be neutralized by AMF that
cause ‘‘positive’’ distance dependence.
We ﬁrst conducted a four-year ﬁeld census with two
gravity-dispersed tree species and two wind-dispersed
species in a subtropical forest, to determine whether
newly germinated seedlings suffered distance-depen-
dent mortality (i.e., decrease in mortality with
distance from the conspeciﬁc tree). We then conducted
two shade-house experiments with seedlings of six tree
species, by manipulating soil microbes with only
AMF, only pathogens, ﬁeld soil (AMF þ pathogens),
and sterile soil treatments, to test the following
hypotheses: (1) pathogens reduce seedling perfor-
mance, and this detrimental effect decreases with
increasing conspeciﬁc distance; (2) AMF promote
seedling performance, and this beneﬁcial effect de-
creases with increasing conspeciﬁc distance; (3) the
microbes cultured by adult trees have higher coloni-
zation or infection rates on roots in soil at closer
conspeciﬁc distance; and (4) both pathogens and
AMF are host speciﬁc and have no effect on seedlings
of other species. We tested hypothesis 1 to conﬁrm the
distance-dependent effect of soil pathogens, which has
been widely tested before but yielded mixed evidence.
We proposed and tested the other hypotheses, in order
to investigate the previously ignored role of AMF on
distance dependence in the Janzen-Connell hypothesis




The study site, Heishiding Nature Reserve (238270 N,
1118530 E, 150–930 m altitude), is a 4200-ha protected
area with the Tropic of Cancer running through its
center, in Guangdong Province, south China. This
region is covered by subtropical evergreen broad-leaved
forests with a subtropical moist monsoon climate,
receiving 1743.8 mm of rain annually with 79% of
precipitation occurring between April and September.
The mean annual temperature is 19.68C and the mean
monthly temperature ranges from 10.68C in January to
28.48C in July.
Field surveys
To detect distance dependence in natural commu-
nities and investigate the relationship between seedling
survival and conspeciﬁc distance, we established 24 1.5
3 20 m transects at the ﬁeld site and monitored each
individual within them from 2009 to 2012. We chose
four species that were not too closely related to reduce
any phylogenetic correlation (Liu et al. 2012):
Cryptocarya concinna Hance (Lauraceae), Ormosia
pachycarpa Champ. ex Benth (Fabaceae), Engelhardia
fenzelii Merr. (Juglandaceae, see Plate 1), and Schima
superba Gardn. et Champ (Theaceae). These species
are common but not dominant in the study area,
allowing us to collect enough seeds for the experiment
while providing sufﬁcient distances between conspe-
ciﬁc trees to test for distance dependence. Also, seeds
of C. concinna and O. pachycarpa are gravity-
dispersed, while E. fenzelii and S. superba are
dispersed by wind. The wide range of traits of these
selected species allows a general view on the plant–soil
feedbacks. In October 2009, for each species, we
randomly selected three focal trees at least 60 m away
from the nearest reproductive conspeciﬁc, and laid out
two transects in random directions radiating out from
the focal tree, which was put in the middle of the 1.5-
m axis. If the topography only allowed one transect,
we selected more focal trees, until we had six transects
for each species. We tagged all individuals within each
transect and recorded species names, heights, diame-
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ters at breast height (dbh; when 1 cm), and positions
relative to the focal trees. We repeated the census
twice every year in April and October, respectively, as
most of the seedlings germinate during April (begin-
ning of the wet season) and die before October
(beginning of the dry season). A total of 9024
individuals from 164 species were recorded during
the seven censuses.
Shade-house experiments
We conducted two shade-house experiments using
newly germinated seedlings to evaluate the effect of
AMF and pathogens on seedling survival and growth.
We selected six common species for the shade-house
experiments, including the four species mentioned in
the previous section and two others: Ormosia glaber-
rima Y. C. Wu (Fabaceae; note that O. glaberrima
and O. pachycarpa are congenerics and hence closely
related) and Canavium album Raeuseh (Burseraceae).
For the four species for which we conducted ﬁeld
surveys, we could only obtain seeds for O. pachycarpa
and E. fenzelii but not for C. concinna and S. superba
in 2010, so we chose two more species (O. glaberrima
and C. album) that had sufﬁcient seeds in 2010 for the
shade-house experiments. We collected enough seeds
for C. concinna and S. superba in 2011, so we added
these two species in the experiments in the same shade
house at 15% full sunlight. We collected seeds or fruits
during autumn and winter throughout the study site.
Seeds were surface sterilized (1 min 70% ethanol, 3
min 2.625% NaOCl, 1 min 70% ethanol, and 1 min
distilled water) and kept at 48C until March of the
next year. Seeds were then left to germinate in plastic
boxes ﬁlled with wet sterilized sand. We obtained
sufﬁcient newly germinated seedlings for all six species
after 6–8 weeks.
We transplanted seedlings (1–2 weeks old) into pots
containing sterilized ﬁeld soil, where the ﬁeld soil was
collected from a common understory at the study site,
thoroughly mixed, and sterilized with a dose of 25 kGy
of gamma-radiation (McNamara et al. 2003). For each
species, we randomly selected and transplanted seedlings
into plastic pots (8 cm diameter 3 10 cm height) that
were ﬁlled with sterilized ﬁeld soil. One week after the
transplantation, we removed seedlings that were dead or
growing poorly due to injuries during the transfer and
replaced them with new ones. We conducted two
experiments, in both of which we treated seedlings with
one of the four microbial fractions: (1) AMF, (2)
pathogens, (3) ﬁeld soil (AMF þ pathogens), and (4)
sterile soil.
Experiment 1, host speciﬁcity of AMF and patho-
gens.—We conducted experiment 1 to test host
speciﬁcity of AMF and pathogens by treating seed-
lings of each of the six target species with the AMF or
pathogen fractions from soil beneath either conspeciﬁc
or heterospeciﬁc adult trees. We transplanted seed-
lings of each of the six target species into pots
containing sterilized ﬁeld soil, and treated them with
the four microbial fractions (AMF, pathogens, ﬁeld
soil, and sterilized soil) extracted from soil beneath
either conspeciﬁc or heterospeciﬁc adult trees with a
full reciprocal design (n ¼ 6 seedling species 3 6 soil
sources 3 4 microbial fractions 3 20 replicates ¼
2880). For this purpose, we collected six soil samples
at a distance of 0–2 m from each adult tree,
thoroughly mixed the soil samples collected from
three different trees for each species, and divided each
soil sample into three 50-g subsamples. All subsam-
ples were passed through a 250-lm sieve into three
100-mL suspensions separately before being inoculat-
ed, to eliminate larger organisms. Then we used the
ﬁrst suspension to extract (1) AMF and (2) soil
pathogen communities using a wet-sieving method
(Klironomos 2002). We collected AMF spores on a
45-lm sieve and surface sterilized them with 10%
sodium hypochlorite to remove the pathogens; path-
ogens and other non-mycorrhizal microbes were
collected from ﬁltrate that passed through a 20-lm
sieve. We used the second suspension as (3) ﬁeld soil
without any manipulation, to provide a best repre-
sentative of the composition and abundance of AMF
and pathogen communities in natural soil. We
sterilized the third soil suspension by gamma radia-
tion, and used it as (4) sterile soil to control for
abiotic effects (see Appendix A for the detailed
inoculating procedures). We inoculated each of our
2880 pots with 100 mL of suspension and covered it
with a layer of 2 cm thick sterile soil.
The ﬁeld soil treatment was the best representative of
the microbial community in natural soil, but it may
contain other organisms besides AMF and pathogens.
To conﬁrm that the effect of the ﬁeld soil treatment was
due to the interaction between AMF and pathogens, we
conducted an additional experiment with an AMF þ
pathogen treatment (the addition of both AMF and
pathogen fractions) and compared it to the ﬁeld soil
treatment (Appendix B). We found that the effect of the
ﬁeld soil treatment was indistinguishable from the AMF
þ pathogen treatment, strongly suggesting that the
additive effect of the ﬁeld soil treatment was indeed
the interaction effect between AMF and pathogens, as in
the AMFþ pathogen treatment.
Experiment 2, distance-dependent effects of AMF and
pathogens.—In this experiment, we aimed to separate
the effects of AMF and pathogens extracted from soil
at different conspeciﬁc distances (0, 5, 10, 15, and 20
m) on seedling survival and growth for each species.
We randomly chose three of the ﬁeld transects
belonging to different adult trees for each of the six
species as inoculum sources in early May. We
collected soil samples at distances of 0, 5, 10, 15,
and 20 m away from each adult tree, respectively. We
thoroughly mixed the soil samples collected at the
same distance from three different trees for each
species, to make sure that we successfully collected the
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target microbes and added exactly the same suspen-
sion to all replicates for each treatment, and divided
each soil sample into three 50-g subsamples. We then
used the same methods as in experiment 1 for
extracting and inoculating soil microbes to arrive at
the same four treatments (AMF soil, pathogen soil,
ﬁeld soil, and sterile soil), but now applied to soils at
various parental distances.
There were 20–40 replicates for each treatment,
depending on available seedling numbers. For each
species, n ¼ 5 distances 3 4 microbial fractions 3 N
replicates; N ¼ 25 replicates for C. concinna, O.
pachycarpa and S. superba, N ¼ 30 for E. fenzelii, N ¼
40 for O. glaberrima, and N ¼ 20 for C. album.
Seedlings were allowed to grow for 6 months for
both experiments 1 and 2, and then we harvested and
oven-dried them at 608C for 48 h to determine the
aboveground (shoots), belowground (roots), and total
biomass. To examine the degrees of AMF colonization
and pathogen infection on roots among treatments, we
quantiﬁed the number of lesions per root for each
treatment using the magniﬁed intersection method
(McGonigle et al. 1990). Mycorrhizal colonization was
deﬁned as typically aseptate hyphae, forming arbus-
cules and vesicles, and non-AMF infection deﬁned as
septate hyphae with frequent production of chlamydo-
spores. Along with harvest at the end of the
experiment, we randomly collected 50 root fragments
of 1 cm length from each treatment, and washed them
repeatedly with distilled water to remove any soil.
Cleaned roots were stained with trypan blue (see the
detailed staining procedures in Appendix C), and then
each root segment was examined under a ﬂuorescence
stereomicroscope (SteREO Lumar.V12, Carl Zeiss,
Germany) at 1503 magniﬁcation to determine per-
centage of colonization by AMF (including hyphae,
vesicles, and arbuscules) and infection rates by non-
AMF (pathogenic, parasitic, and saprophytic fungi;
McGonigle et al. 1990). For each treatment, the 50
root fragments were divided into ﬁve groups. We
counted 200 intersections for each group, and the
colonization or infection rate was calculated as the
number of intersections where we observed AMF or
non-AMF divided by total intersections. We also
measured the contents of soil nutrients (total N, P,
and K) from each distance, and conﬁrmed that the
wet-sieving suspensions did not inﬂuence the NPK
contents of the soil among different distances (Appen-
dix A: Table A1).
Data analysis
For the ﬁeld survey data, to test whether the seedling
survival was correlated with distance from the closest
reproductive conspeciﬁc, we analyzed the ﬁrst-half-
year, ﬁrst-year, and second-year survival of seedlings
which were newly germinated during the censuses with
generalized linear mixed-effects models (GLMM), in
which we entered conspeciﬁc distances as the ﬁxed
factor and each seedling’s recruitment year and
location (transect and adult tree) as random variables,
assuming a binomial error distribution and logit-link
function.
For the ﬁrst shade-house experiment where seed-
lings were treated with the four microbial fractions
from soil beneath either conspeciﬁc or heterospeciﬁc
adult trees, we calculated the log-transformed odds
ratios comparing seedling survival in AMF, patho-
gens, and ﬁeld soil pots vs. sterile soil pots, and the
mean biomass for each treatment, respectively, to test
how soil microbes of a given species affect seedling
survival and growth of their own species or the other
ﬁve species. Odds ratio is a measure of association
which approximates how much more likely it is for the
seedlings to survive among soil-biota-treated pots
than among sterile soil pots. Log-transformed survival
odds ratios that are signiﬁcantly larger than 0 indicate
positive feedbacks of soil microbes on seedling
survival and negative values indicate negative feed-
backs.
We analyzed seedling survival data for the second
shade-house experiment using survival odds ratio
regression models to determine AMF and pathogen
feedbacks compared with sterile soil, and to test
whether the survival odds ratio was signiﬁcantly
correlated with conspeciﬁc distance. A maximum
likelihood approach is used in survival odds ratio
regression, and the distribution of the log-transformed
survival odds ratio is assumed to be normal (Jewell
2003, Liu et al. 2012). For each conspeciﬁc distance of
each species, we calculated the log-transformed odds
ratios comparing seedling survival in AMF, patho-
gens, and ﬁeld soil pots vs. sterile soil pots,
respectively. We analyzed the total biomass using
analysis of variance (ANOVA) to compare seedling
growth among the four soil microbial treatments for
each soil–seedling combination. For each of the six
species, we also ﬁtted linear regression models with
mean total biomass of surviving individuals as the
dependent variable and conspeciﬁc distance as the
independent variable (mean root and shoot biomass
were also analyzed separately, see Appendix D). We
used ANOVA to compare AMF percentage of
colonization and non-mycorrhizal infection rates at
different parental distances and soil microbial treat-
ments for each species. All statistical analyses were




In the ﬁeld survey, the survival of seedlings that
germinated during 2009–2012 was not signiﬁcantly
related to the distance to the closest reproductive
conspeciﬁc for any of the four species (Table 1),
indicating that the distance-dependent prediction of
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the Janzen-Connell hypothesis was not supported in the
natural communities.
Experiment 1, host speciﬁcity of AMF and pathogens
In experiment 1, feedback effects of soil biota on
seedling survival (Fig. 1) and growth (Fig. 2; Appendix
D: Fig. D1) were demonstrated to be host speciﬁc. For
each one of the six species, both seedling survival and
growth were signiﬁcantly limited when seedlings were
treated with pathogens extracted from soils beneath
conspeciﬁc trees compared to those in sterile soils, but
there were no inhibition effects compared to sterile
FIG. 1. Host-speciﬁc feedback effects of soil biota on seedling survival. The survival of six tree species in arbuscular mycorrhizal
fungi (A), pathogen (P), and ﬁeld soil (F) fractions obtained beneath adult trees of their own species (hollow triangles) or beneath
the other ﬁve species (solid circles), compared to sterile soils. Rows indicate species of seedling tested, columns indicate species
beneath which soils were collected; species studied were Cryptocarya concinna (CC), Ormosia pachycarpa (OP), Engelhardia fenzelii
(EF), Schima superba (SS), Ormosia glaberrima (OG), and Canavium ablum (CA). Odds ratio is a measure of association which
approximates how much more likely it is for the seedlings to survive among soil biota treated pots than among sterile soil pots. Log-
transformed survival odds ratios above 0 indicate positive effects and ratios less than 0 indicate negative effects. Error bars
represent standard errors.
TABLE 1. Logistic regression results between ﬁrst-half-year, ﬁrst-year, and second-year survival of newly germinated seedlings and
conspeciﬁc distance for four subtropical tree species during 2009–2012 in the ﬁeld survey in south China.
Species
First-half-year survival First-year survival Second-year survival
Estimate z P Estimate z P Estimate z P
Cryptocarya concinna 0.036 1.163 0.245 0.004 0.117 0.906 0.014 0.499 0.618
Ormosia pachycarpa 0.076 0.158 0.874 0.546 0.873 0.383 1.235 1.961 0.049
Engelhardia fenzelii 0.034 1.088 0.277 0.029 0.895 0.371 0.076 1.130 0.258
Schima superba 0.045 0.651 0.514 0.092 1.041 0.298 2.631 1.189 0.235
Notes: For each species, we analyzed individual conspeciﬁc seedling survival over the ﬁrst half-year, the ﬁrst year, and the second
year using a generalized linear mixed-effects model (GLMM), in which we entered conspeciﬁc distance as the ﬁxed factor, and each
seedling’s recruitment year and location (transect) as random variables, assuming a binomial error distribution and logit-link
function. Bold text indicates signiﬁcance at P , 0.05.
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soils when seedlings were treated with pathogens from
soil beneath the ﬁve heterospeciﬁcs (Figs. 1 and 2). A
beneﬁcial effect of AMF (a weak effect on seedling
survival [Fig. 1] but a signiﬁcant effect on growth [Fig.
2]) was detected when seedlings and AMF fractions
were collected from the same species. There were a few
exceptions where heterospeciﬁcs also had inhibition or
beneﬁcial effects on seedling survival, but these effects
did not have a consistent trend among different species,
while all conspeciﬁc soil and seedling combinations
showed consistent trends for all six species (Fig. 1).
Experiment 2, distance-dependent effects of AMF
and pathogens
In shade-house experiment 2, the rates of root
infection by non-mycorrhizal (pathogenic/parasitic/
saprophytic) fungi were much lower at larger conspe-
ciﬁc distances when seedlings were treated with
pathogens or ﬁeld soils (Appendix A: Fig. A1). The
percentage of mycorrhizal colonization also decreased
with conspeciﬁc distance for the AMF treatment and
the ﬁeld soil treatment (Appendix A: Fig. A1). In
sterilized soils, we detected only minimal levels of
pathogen infection and mycorrhizal colonization,
which were not distance-dependent. Both the pathogen
infection in the AMF treatment and the AMF
colonization in the pathogen treatment almost van-
ished at all conspeciﬁc distances (Appendix A: Fig.
A1), indicating that pathogens were successfully
removed in the AMF treatment and there were no
AMF in the pathogen treatment.
Most of the log-transformed odds ratios comparing
seedling survival in AMF-treated pots and sterile soil
pots were positive but were not signiﬁcantly different
from 0, and the log-transformed survival odds ratio
was not correlated with conspeciﬁc distance for all six
species (Fig. 3, left-hand column). In contrast, the
pathogens had signiﬁcantly negative effects on seed-
ling survival for all species (Fig. 3, middle column).
Moreover, these negative effects decreased with
increasing conspeciﬁc distance (Fig. 3, middle col-
umn), except for E. fenzelii and S. superba. In ﬁeld
soils vs. sterile soils, the log-transformed survival odds
ratios showed no signiﬁcant departures from 0, except
FIG. 2. Host-speciﬁc feedback effects of soil biota on seedling growth. The growth responses of six tree species to
arbuscular mycorrhizal fungi (AMF), pathogens, ﬁeld soil, and sterile soil (S) fractions obtained beneath adult trees of their
own species (gray bars) or beneath the other ﬁve species (white bars). Bars represent the mean total biomass 6 SE. Different
lowercase letters represent signiﬁcant differences among treatments (P , 0.05). Row and column arrangement, abbreviations
are as in Fig. 1.
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for E. fenzelii, which had signiﬁcantly negative odds
ratios at all distances, and C. album, which showed
signiﬁcantly positive effects that increased with
increasing distance (Fig. 3, right-hand column). These
results suggest that negative feedbacks of soil patho-
gens on seedling survival are ubiquitous and mostly
distance dependent, whereas AMF reduces this effect
and consequently the plant–soil microbe interactions
show a variety of intensities and trends in ﬁeld soils.
The mean biomass in AMF-treated soil was higher
than in ﬁeld or sterile soil, while in pathogen-treated soil
it was lower than in ﬁeld or sterile soil (Fig. 4; Appendix
D: Fig. D2). In AMF-treated pots, seedlings had the
highest biomass at a distance of 0 m, and the mean
biomass decreased with increasing conspeciﬁc distance
(Fig. 4). Conversely, mean biomass was lowest at 0 m
and positively correlated with conspeciﬁc distance in
pathogen treated pots (Fig. 4), while they showed no
signiﬁcant relationships in ﬁeld soils (except for O.
pachycarpa; Fig. 4) and in sterile soils (Fig. 4). These
results indicate that the intensities of the beneﬁcial effect
(AMF) and the inhibition effect (pathogens) on seedling
growth were strongest beneath conspeciﬁc trees and
decreased with increasing conspeciﬁc distance.
FIG. 3. Effects of soil microbes at different conspeciﬁc distances on seedlings survival in a shade house. Effects of the soil
microbe treatments are plotted against conspeciﬁc distance: log(survival odds ratio) of AMF-treated pots vs. sterile soil pots (left-
hand column), of pathogen-treated pots vs. sterile soil pots (middle column), and of ﬁeld soil pots vs. sterile soil pots (right-hand
column). Ratios above 0 indicate positive effects and ratios that are signiﬁcantly lower than 0 indicate negative effects. Odds ratio
regression models were ﬁtted for each panel, and P values of likelihood ratio tests check for signiﬁcant departure from no
relationship with conspeciﬁc distance. The solid regression lines indicate odds ratio regression signiﬁcant at P , 0.05 and dashed
lines indicate signiﬁcance at P , 0.1. Error bars represent standard errors.
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DISCUSSION
By separating feedback effects of AMF and non-
mycorrhizal (pathogenic/parasitic/saprophytic) fungi on
seedling performance of six subtropical tree species, we
have demonstrated that, at least at relatively low adult
densities, both the beneﬁcial effect of AMF and the
detrimental effect of pathogens on seedling survival and
growth are host speciﬁc (Figs. 1 and 2), and that, in
general, the effects of AMF and pathogens signiﬁcantly
decline with increasing conspeciﬁc distance (Figs. 3 and
4). While the conventional view of distance dependence
in the Janzen-Connell hypothesis only concerns the
interaction between tree hosts and soil pathogens, our
ﬁndings suggest that the beneﬁcial effect of AMF is also
distance dependent and can neutralize the inhibition
effect of pathogens (Fig. 5a, c). It thus explains our ﬁeld
surveys (Table 1), and the results of the ﬁeld soil
treatments in our second shade-house experiment (Fig.
3), as well as previous studies that found no net distance-
dependent effect (Augspurger 1984, Blundell and Peart
1998, Hyatt et al. 2003, Queenborough et al. 2007).
Speciﬁcally when soilborne microbes were experimen-
tally separated, we detected a ubiquitous negative
distance-dependent effect on both seedling survival
(Fig. 3) and growth (Fig. 4) caused by soil pathogens.
In contrast, the presence of AMF signiﬁcantly increased
seedling performance, especially seedling growth (Fig.
4). The two opposing effects apparently canceled each
other, because the ﬁeld soil treatment containing both
AMF and pathogens showed no general distance-
dependent effect.
The interaction between pathogens and AMF sug-
gests that the Janzen-Connell mechanism may play a less
important role in maintaining species diversity than
previously thought. Studies using glasshouse experi-
ments to quantify soil feedbacks may favor detection of
FIG. 3. Continued.
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negative rather than positive soil feedbacks, because
negative feedbacks dominate on short time scales
(Bardgett and Wardle 2010), and consequently these
studies overestimate the Janzen-Connell effect. Howev-
er, it does not mean that the Janzen-Connell mechanism
has no effect at all. First, soilborne pathogens cause high
mortality of the seedlings while AMF mainly promote
seedling growth; hence the Janzen-Connell effect may
still occur during seed dispersal and seedling germina-
tion (Jansen et al. 2012). Second, plants have different
abilities to inﬂuence their abundances by changing the
structure of their soil communities (Klironomos 2002),
and pathogens may be more sensitive to host density or
may accumulate faster than AMF.
Particularly, the pathogens’ higher sensitivity to host
density may explain the apparent contradiction between
studies ﬁnding evidence for a distance-dependent effect
(e.g., Augspurger 1983, Packer and Clay 2000) and
studies ﬁnding no support (e.g., Hyatt et al. 2003),
including our own previous work that supported
distance dependence (Liu et al. 2012), and the current
study that does not: in our previous work, we collected
pathogens in soil under adults from highly abundant
populations (Liu et al. 2012), whereas here we focused
on the adults with relative low local abundance which
have no other conspeciﬁc adults within 60 m. Similarly,
Condit et al. (1992) found that only the few most
dominant species experienced a distance-dependent
effect in large-scale forest plots.
The negative plant–soil feedback that is central to
the Janzen-Connell effect increases alpha diversity by
allowing local species coexistence, but reduces gamma
diversity by promoting community convergence (re-
duced beta diversity). In contrast, positive plant–soil
feedback has been hypothesized (reviewed by Bever et
al. 2012) to reduce alpha diversity by allowing
dominance of early-arriving species, but to increase
gamma (regional) diversity by promoting community
divergence (increased beta diversity) through the
emergence of alternative stable states. Using a basic
simulation model of plant community assembly,
Fukami and Nakajima (2013) argued that complex
plant–soil interactions including positive and negative
plant–soil interactions simultaneously increase plant
species diversity by delaying community convergence.
Thus, while pathogens may play a key role in
maintaining and structuring diversity in plant systems
(e.g., Klironomos 2002, Mangan et al. 2010, Bagchi et
al. 2014), AMF certainly have the potential to
inﬂuence the diversity and distribution of host species
(Grime et al. 1987, Kiers et al. 2000, Hood et al. 2004,
van der Heijden et al. 2008). A more complete
understanding of plant dynamics and community
structure requires integrating both positive (AMF)
PLATE 1. A newly emerged Engelhardia fenzelii seedling established under a heterospeciﬁc adult and surrounded by many fallen
leaves of Acer tutcheri. As seeds of E. fenzelii are dispersed by wind, their seedlings could establish far away from the parents and
consequently escape the density- and/or distance-dependent mortality caused by soil-borne pathogens, but may lose the beneﬁcial
effect of arbuscular mycorrhizal fungi. Photo credit: M. Liang.
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and negative (pathogens) plant–soil feedbacks (Bever
et al. 2012).
Thus, to reconcile our results with previous ﬁndings,
we suggest a new perspective on distance dependence
under the Janzen-Connell hypothesis (Fig. 5), in which
the Janzen-Connell effect is absent for low-density
populations because AMF and pathogen effects cancel,
whereas a net Janzen-Connell effect appears at high
population densities.
AMF have traditionally been considered to be
relatively broad-spectrum (Hart et al. 2003), but their
host speciﬁcity on root colonization and seedling
growth has been found in grasslands and tropical
forests (Bever et al. 1996, Kiers et al. 2000, Davison et
al. 2011). Using data of 95 grassland species and their
AMF, Reinhart et al. (2012) detected phylogenetic
signals for arbuscular mycorrhizal colonization of
roots and plant responses to arbuscular mycorrhizae.
FIG. 4. The relationships between mean seedling biomass and conspeciﬁc distance in AMF, pathogen, ﬁeld soil, and sterile soil
treatments. The intensities of the beneﬁcial effect (AMF) and the inhibition effect (pathogens) on seedling growth were strongest
beneath conspeciﬁc trees and decreased with increasing conspeciﬁc distance. Solid lines indicate linear regressions signiﬁcance at P
, 0.05. Error bars represent standard errors.
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Our ﬁrst shade-house experiment was performed to
study this host speciﬁcity and any possible phylogenetic
signal. The results revealed a clear host-speciﬁc effect
for both soil pathogens and AMF. Soil microbes
cultured by adults of a given species greatly affected
seedling performance of conspeciﬁcs but not hetero-
speciﬁcs (Figs. 1 and 2), which conﬁrmed that our
selection of not-too-closely related species substantially
reduced a possible phylogenetic Janzen-Connell effect.
The congenerics Ormosia pachycarpa (OP) and Ormo-
sia glaberrima (OG) did show similar patterns (com-
pare OP–OG to OP–OP and OG–OP to OG–OG in
Fig. 1), but the effect was not signiﬁcant.
The proportions of mycorrhizal colonization and
pathogen infection decreased with conspeciﬁc distance
(Appendix A: Fig. A1), indicating that the concentra-
tions of host-speciﬁc fungi declined with increasing
conspeciﬁc distance. Due to limited dispersal ability of
soilborne fungi, a given host individual may culture its
own soil microbial community around its root area.
Seedlings establishing around conspeciﬁc trees suffer
high mortality caused by soil pathogens (e.g., Aug-
spurger 1983, Packer and Clay 2000, Bagchi et al. 2010),
but our results also suggest that seedlings may beneﬁt
from host-speciﬁc AMF while ﬁghting against patho-
gens. Once some seedlings escape or defeat the disease
beneath conspeciﬁc adults, they may beneﬁt from AMF
in nutrition and growth and hence have a competitive
advantage.
In the shade-house experiments, we thoroughly mixed
the parent soil samples collected from three adult trees, to
make sure that we successfully collected the target
microbes and added exactly the same suspension to all
replicates for each treatment, and to remove any
FIG. 5. Theoretical relationships between offspring recruitment and plant–soil feedbacks generated by the modiﬁed Janzen-
Connell model considering both soil pathogens and AMF. (a, c) At low adult density, both the detrimental effect of pathogens and
the beneﬁcial effect of AMF on seedling survival and growth decline with increasing distance from parent tree and cancel each
other, and consequently the Janzen-Connell effect plays a minor role in explaining diversity. (b, d) At high density, pathogens are
more sensitive to host density and hence have a stronger effect than AMF, thus, the net effect of plant–soil feedback is negative and
can promote species diversity through the Janzen-Connell mechanism. Panels (c) and (d) show the interacting effects of distance
from parent, the number of seeds per unit area (I ), the probability that a dispersed seed or seedling will escape pathogens (P), the
probability that a dispersed seed or seedling will beneﬁt from arbuscular mycorrhizal fungi (AMF), and the population recruitment
curve (PRC; dotted line).
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intraspeciﬁc effects, because our focus was on interspeciﬁc
effects. This mixing procedure, if anything, will make our
results conservative, because if there are strong intraspe-
ciﬁc effects, this will boost the signiﬁcance of the host
speciﬁcity. In shade-house experiments 1 and 2, we used
the ﬁeld soil treatment, which was the best representative
of the composition and abundance of the microbial
community in natural soil but may meanwhile contain
other organisms, to investigate the additive effect of AMF
and pathogens. The additional experiment results showed
that seedling performances had no difference in the ﬁeld
soil treatment and the AMF þ pathogen treatment
(AppendixB: Figs. B1 andB2), indicating that the additive
effect of the ﬁeld soil treatment was indeed the interaction
effect betweenAMFandpathogens: the beneﬁcial effect of
AMF neutralized the inhibition effect of pathogens, as we
hypothesized.
In summary, while it is generally accepted that
dispersal away from the parent may promote seedling
establishment and survival because of a higher proba-
bility of landing in light-gaps (Augspurger 1984), but
may also increase the chance of landing in a hostile
location (Nathan 2006), our study suggests that the
plant–soil feedbacks are also double-sided: seedlings
established far away from the parents can escape the
pathogen damage but also lose the beneﬁcial effect of
AMF (see Plate 1). Thus, future research on plant–soil
interactions should consider both pathogens and AMF.
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